Novel thermal effects across the first order antiferromagnetic (AFM) -ferromagnetic (FM) transition in an intermetallic alloy are reported. They show instances of warming when heat is extracted from the sample, and cooling when heat is provided to the sample across AFM-FM transition in Ta doped Hf F e2, thus providing indisputable evidence of metastable supercooled AFM and superheated FM states, respectively. Such thermal effects in a magnetic solid prepared from commercially available materials has been reported for the first time. The transition proceeds in multiple steps which is interpreted in the framework of quenched disorder broadening of AFM-FM transition and classical nucleation theory. Measurements in the presence of magnetic field conform to above frame work.
Novel thermal effects across the first order antiferromagnetic (AFM) -ferromagnetic (FM) transition in an intermetallic alloy are reported. They show instances of warming when heat is extracted from the sample, and cooling when heat is provided to the sample across AFM-FM transition in Ta doped Hf F e2, thus providing indisputable evidence of metastable supercooled AFM and superheated FM states, respectively. Such thermal effects in a magnetic solid prepared from commercially available materials has been reported for the first time. The transition proceeds in multiple steps which is interpreted in the framework of quenched disorder broadening of AFM-FM transition and classical nucleation theory. Measurements in the presence of magnetic field conform to above frame work. First order transitions are characterized by latent heat and transformation from one phase to another phase occurs via nucleation and growth process. If the heat (∆Q) extracted from the system is less than its total latent heat (L), then only a fraction (∝ ∆Q/L) of the total system can transform to low temperature phase. However, this fraction cannot be reduced to an arbitrarily small value as the nuclei below a critical size will be unstable. In the classical nucleation theory, the critical size of the stable nuclei (r*) is proportional to (γ sl × T C )/(∆T * × ∆L), where γ sl is the interfacial energy, T C is the equilibrium transition temperature, ∆T * is undercooling temperature and ∆L is the latent heat of the transition of nuclei. Therefore, the transformation from one phase to other phase occurs in a quantum of steps, the size of which is dictated by r*. With increased undercooling, i.e., with increased metastability of supercooled state, r* decreases. Higher the metastability smaller is the perturbation required to transform this state into a stable state. For such transformation during cooling (warming), if the heat removed from (supplied to) the adiabatic system is less than the latent heat of transformation, then system shows warming, when heat is removed from the system (cooling when heat is added to the system). Such thermal effects known as recalescence are commonly observed during liquid to solid transformation (e.g. water to ice transition, solid-liquid transition in NiAl by Kulkarni et al. [1] , Al-Nb alloys by Munitz et al. [2] ). However, observation of similar thermal effects across first order * E-mail : rrawat@csr.res.in magnetic transitions in solids are rare. Generally, first order transitions in solids are broadened due to presence of quenched disorder. For such materials, there exists a spatial distribution of transition temperatures on the length scale of correlation length and for a macroscopic system, it leads to quasi-continuous distribution of transition temperatures leading to apparent gradual change in physical properties [3, 4] . Though locally (on the length scale of correlation length), transition remains discontinuous [5] [6] [7] . Till date, there are only two examples of magnetic solids with first order phase transition where, such thermal effects has been reported; ultra high purity Er and Dy metals studied by Gschneidner et al. [8, 9] . Direct observation of such thermal effects was possible due to ultra high purity of the studied system in addition to the lower heat capacity of sample as well as the addenda. Here, we show a similar thermal effect around first order antiferromagnetic (AFM)-ferromagnetic(FM) transition in transition metal alloy (Ta doped Hf F e 2 ) prepared from commercial grade (purity ≈ 99.99%) constituent elements. Quenched disorder broadening results in a multiple step transition which is further verified by measurements in the presence of magnetic field.
The hexagonal parent Hf F e 2 compound is ferromagnetic at room temperature, which becomes antiferromagnetic with >14% Ta substitution for Hf [10, 11] . For ≈14 to 22% Ta substitution, a first order AFM to FM transition with ≈1% volume expansion has been reported [10] [11] [12] . The composition studied in the present work, namely Hf 0.82 T a 0.18 F e 2 , shows a first order AFM-FM transition around 220 K. The sample is prepared using commercially available Ta and Fe of purity 99.99% and Hf of purity 99.9% (exclusive of 2% Zr). Constituent elements were weighed in their atomic ratio and arc melted three to four times under inert Argon gas atmosphere.
Rietveld analysis of powder XRD pattern of as-prepared sample is found to be consistent with hexagonal lattice with a space group P6 3 /mmc and it showed that sample is single phase with lattice parameters a = 4.9292Å and c = 8.0636Å [13] . Magnetization measurements were carried out using SQUID-VSM and MPMS-VSM, both from M/s. Quantum Design, USA. Heat capacity was measured using a home-made heat capacity set-up based on semi-adiabatic heat pulse method [14, 15] along with 8-Tesla superconducting magnet system from Oxford Instruments, U.K.
The results of magnetization (M) and heat capacity (C P ) measured across first order AFM-FM transition temperature are shown in figure 1(a) and (b), respectively. Magnetization data, which are collected during cooling and subsequent warming in the presence of 0.1 Tesla magnetic field, show an AFM-FM transition around 215.5 K and 219.5 K, respectively. In the AFM state, isothermal application of magnetic field can induce an AFM to FM transition; a typical curve is shown in the inset of figure 1(a) at 250 K. It shows an increase of about 1.4 µ B /f.u. around 4 Tesla with a narrow hysteresis for increasing and decreasing field cycles. Heat capacity, which is measured during warming, exhibits a sharp peak around 218 K, as highlighted in the main panel of figure 1 (b). The right inset shows measured heat capacity (in blue circles) along with sum (red triangles) of linear (with a coefficient 24 mJ/mol K 2 ) and Debye contribution (with Debye temperature 355 K). The estimate of latent heat of transition is done from the enthalpy curve calculated from the measured heat capacity as shown in the inset of figure 1(b) . The enthalpy curve below and above the transition region is fitted with a linear equation and extrapolated to the transition temperature. The difference between these two curves at transition temperature gives the latent heat of the transition, which is found to be 245 J/mol. These values (entropy change, latent heat, Debye temperature etc.) are in close agreement with those reported by Wada et al. [16] . Figure 2 shows some typical sample temperature versus time curves during cooling and warming across AFM-FM transition temperature. These curves were collected using the same set up as used for measuring heat capacity [14, 15] . For these measurements sample holder heater is switched off and heat flow to or from the sample is controlled by varying the radiation shield temperature (or surrounding temperature) at a constant rate. As shown in the top panel of figure 2 , during cooling, multiple instances of temperature rise are observed when heat is extracted from the sample around the transition region. The rise in sample temperature when heat is extracted from the sample provides an unambiguous evidence of the transformation of metastable supercooled AFM state into stable FM state. The temperature jumps are found to be as large as 340 mK ( figure 2(a), jump no. 3) . With increasing ramp rate, these thermal effects shift to lower temperature and step size reduces. Rapid cooling allows deeper supercooling (and hence transformation at lower temperature) which, in the case of metallic glasses, is used to avoid crystallization. The step is expected to vanish if the heat extracted from the system becomes equal or larger than the released latent heat. Similar temperature versus time scans, taken during warming, are shown in bottom panel of figure 2. In this case, for the lowest heating rate ( figure 2(d) ), sample temperature decreases (though with much smaller magnitude as highlighted in the inset of figure 2(d) ) within the temperature region of first order transition. This observation of cooling when heat is supplied to the system is an evidence of the transformation from superheated FM state to stable AFM state. However, the net changes in sample temperature were found to be much smaller (at the most 50 mK) when compared to that observed during cooling (about 340 mK). For higher ramping rate, these features diminish. This is more akin to water to ice transition, where superheating is found to be absent [c] as melting starts from the surface. Similar to the ice to water transition, in the present system too, the FM to AFM transition is also accompanied with decrease in unit cell volume. The asymmetry in transformation during cooling and heating has been a feature of many magnetoelastic AFM-FM transitions, for example, in case of FeRh, AFM-FM transformation is shown to be asymmetric under certain conditions and explained due to the difference in nucleation and growth mechanisms for AFM to FM and back transformation [17, 18] . For the present sample also, the M-T measurement (see figure 1(a) ) indicates broader AFM-FM transition during warming when compared to cooling.
The multiple jumps can be interpreted in terms of a broad first order transition due to quenched disorder, where each instance of jump indicates transformation of a different region of the sample. The latent heat associated with these jumps is listed in table 1 and is found to be as high as 49 J/mol for the 340 mK jump (jump no. 3 of figure 2(a) ). A comparison with total latent heat of the transition suggests that feature 3 in the cooling curve corresponds to about 20% of the sample and sum of all jumps accounts for about 44% of the sample.
It is worth mentioning here that multiple jumps in temperature versus time curve in the case of ultra high purity Er have been taken as an indication of the transformation through unknown intermediate states [9] . However, direct evidence of such intermediate states is yet to be found. In the light of present investigation, the multiple step transition for Er sample can be explained considering disorder broadening. Their heat capacity data of Dy and Er systems also support this interpretation since in the case of Er, a small but non zero width of the transition is evident in the temperature dependence of heat capacity. Whereas for Dy, which showed singular behavior in heat capacity (i.e., no broadening), a single step transition is observed.
The contention that the observed multiple steps are a consequence of quenched disorder broadening is further tested by studying these thermal effects in the presence of magnetic field. With the application of magnetic field, transition temperature T C increases and, therefore, critical size of the nuclei is expected to increase. In addition, transition becomes broader and, therefore, temperature difference between consecutive instances of inverse temperature rise is expected to increase. Some typical cooling temperature versus time and heat capacity curves in the presence of 1-4 Tesla magnetic field are shown in figure 3(a-e) . As the applied magnetic field increases, the transition temperature is shifted to higher temperature and the spacing between two consecutive jumps increases. The number and magnitude of temperature jumps decrease with magnetic field and at 4 Tesla, no such thermal effects are observed. As the T C increases, the critical size of the nuclei (r * ) increases and this decreased surface to volume ratio results in smaller heat release during recalescence. These thermal effects are further suppressed due to decreased latent heat of transition with increasing magnetic field as shown in the inset of figure 3(e).
Another novel feature in the temperature versus time figure 2(a) is that the start temperature of the some of the subsequent jumps is not necessarily lower than the start temperature of a preceding jump. Such instances are marked by horizontal arrows in the figure 2(a) and (b). For a disordered broadened first order transition due to quenched disorder, the region with higher supercooling limit will be transformed first during cooling. In this picture, a jump at higher temperature than the preceding one seems to indicate that regions with lower supercooling limit are transforming first. It is possible that the FM region nucleated in the preceding step acts as a nucleation center for the subsequent step resulting in a FM transformation at higher temperature. In the case of La 0.5 Ca 0.5 MnO 3 , a dramatic increase in resistivity with thermal cycling below transition temperature T C has been explained due to presence of AFM phase obtained during previous cooling, which results in enhancement of low temperature phase during subsequent warming till T C [19] .
To conclude, novel thermal effects associated with the transformation of metastable supercooled/superheated to stable states have been observed. This transformation results in warming (cooling) when heat is extracted from (supplied to) the system. This is the first report of such observation in a bulk magnetic solid prepared with commercial grade purity materials, thereby showing a broad first order transition. The transformation takes place in multiple steps, which is interpreted as distribution of transformation temperatures over sample volume as a result of quenched disorder. These features are qualitatively explained in the framework of classical nucleation theory which is tested further with measurement in the presence of magnetic field. Incidentally, there is a striking similarity between AFM-FM transition in the present system and water to ice transition e.g. supercooling but no super heating and higher volume of the low temperature state as compared to the high temperature state etc. If this analogy holds true, then the nucleation of AFM phase is expected to be on surface or grain boundary. ACKNOWLEDGEMENT R J Choudhary, UGC-DAE Consortium for Scientific Research Indore is acknowledged for magnetization measurements.
